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Interferometric Alignment of the X-SAR
Antenna System on the Space Shuttle
Radar Topography Mission

Dirk Geudtner, Manfred Zink, Christoph GieruMember, IEEEand Scott Shaffer

Abstract—The on-orbit alignment of the antenna beams of both National Imagery and Mapping Agency (NIMA), the German
the X-band and C-band radar systems during operations of the Aerospace Center (DLR), and the Italian Space Agency (ASI).
?ggtTtll\e/l;;a(dgra\t%)ograprl\(y mission/ X'bapfd SV”H.‘e“.C a%ert‘:fetra?ar SRTM/X-SAR comprised two interferometric radar systems:

- was a key requirement for achieving best interfer-
ometric performance. In this paper, we consider the X-SAR an- 1) the C-band SAR (C_RA.DAR) and 2) the X-band SAR
tenna beam alignment in azimuth. For a single-pass cross-track (X-SAR). These are modified versions of the spaceborne
SAR interferometer, we establish the relation between yaw and imaging radar-C (SIR-C) and X-band SAR (X-SAR) that were
pitch misalignment of the antenna beams and the resulting rela- flown aboard two space shuttle missions in April and October
tive shift of the Doppler frequency bands. This relation is used to 1994 [1], [2]. During these previous missions, some repeat-pass
provide solutions for the mechanical adjustments of the outboard interferometric data pairs were acquired with a time separation

antenna and electronic beam steering to correct for azimuth mis- . . .
alignment. Furthermore, the effects of the X-SAR effective out- of six months between the first and second flight, and one day

board antenna pattern on the azimuth beam alignment are ana- during the last three days of the October flight [3], respectively.
lyzed. As a result, a so-called “relaxing” factor is derived, which ~ For SRTM/X-SAR, both SIR-C and X-SAR were modified
increases the limit for the difference in antenna azimuth angle with  to operate as cross-track fixed-baseline interferometers. The
respect to the requirement on spectral overlap, and hence spatial C.RADAR used a dual polarization ScanSAR mode to achieve
interferogram resolution. However, we also show that the align- 5 q\ath width of 250 km and allows continuous coverage
ment requirement is driven by the constraint on decreasing the az- . . : . :
imuth ambiguity-to-signal ratio (AASR) for the effective outboard The X'SAR system OPerated In a hlgh-resolutlon Strip-map
antenna pattern to reduce the resulting additional height error. Mode with a swath width of 50 km. Each radar instrument
The strategy for misalignment determination and correctionis pre- consisted of an “inboard” transmit/receive radar antenna (pri-
sented, and results of the analysis of the in-flight X-SAR antenna mary channel) located in the payload bay and an “outboard”
beam alignment are discussed. receive-only antenna (secondary channel). Both outboard
Index Terms—SAR antenna beam alignment, SAR interferom- antennas were mounted on an outboard support structure (OSS)
etry, shuttle radar topography mission/X-band synthetic aperture that was located at the end of a 60 m deployable/retractable
radar (SRTM/X-SAR). mast forming the interferometric baseline.
This single-pass SAR interferometer configuration enables
I. INTRODUCTION the re_moval of large error sources inh_er(_ant with the repeat-pass
o technigue, such as baseline uncertainties, temporal decorrela-
T HE shuttle radar topography mission/X-band synthetigy effects, and atmospheric inhomogeneities. However, a key
1 aperture radar (SRTM/X-SAR) was the first spacebomgquirement for achieving best interferometric performance
single-pass SAR interferometry mission. The objective Wa$ that the pointing of the outboard antenna beam coincides
to generate three-dimensional digital terrain maps of thgih the inboard antenna beam. Beam misalignment reduces
entire earth's landmass between®6Borth and 57 South the overlap between the antenna footprints and degrades the
latitude during an 11-day space shuttle flight in Februagjgnal-to-noise ratio (SNR) in the secondary channel, thus
2000. SRTM/X-SAR was a cooperative project of NASA, th@ecreasing the interferometric signal correlation. The phase

noise in the interferograms may also increase as result of a high
azimuth ambiguity-to-signal ratio (AASR), and a relative shift
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The alignment of the antenna beams on SRTM/X-SAR, re- Dulboard Coordinate System (OCS)
spective for the C-RADAR and X-SAR system, differs because
of the long mast structure from those of airborne single-pass ﬁ*‘m
SAR interferometer configurations. It was expected that the
relative beam alignment between the inboard and outboard ** S
antenna of each radar system on SRTM/X-SAR could be
affected by several factors: Gravity effects, pre-flight assembly
and alignment errors, launch shifts [4], and a small discrepancy
between the mechanical and electrical antenna boresight resul
in a quasistatic pointing bias. In-flight thermal distortions and
shuttle-induced disturbances due to attitude hold (thruster fir-
ings) and crew motion could also cause dynamic mast twisting
and bending effects. Both static and dynamic effects needed tc ¥
be measured and compensated to align the electrical boresight
of the inboard and outboard antenna of each radar systerr.
to a very tight tolerance. In support of this task, additionglg 1. SRTM/X-SAR inboard and outboard coordinate systems During
instruments and equipment were added to SRTM/X-SAR. Thispping operations the ICS and OCS Y-axes were rotated byetative to
included the attitude and orbit determination avionics (AODA§he loacl horizontal plane.
the mechanical adjustment structure called “milkstool,” and the
beam auto tracker (BAT).

The AODA system is a suite of sensors that provided in-flight
measurements to verify mast deployment and to support antenna

Inboard Coordinate Systam (ICS)

TABLE |
X-SAR KEY SYSTEM PARAMETERS

alignment. A detailed description of the AODA instruments and ~ Wavelength 0.03122m
their functions is given in [5]. Throughout the mission, AODA Chirp bandwidth 9.5 MHz
measured and monitored the outboard to inboard antenna me- ” T4 Th
chanical alignment in pitch, yaw, and roll. It further provided Pulse repetition fr'eque_ncy.(PRF) !
the orbital state vectors, the time-base for both radar systems, Frocessed bandwidth in azimuth (PBW) 1180 iz
and updated measurements that are used in the post-processing Look angle (swath center) 52°
to reconstruct the mechanical baseline vector. Swath width 50 km
The milkstool, located at the mast tip, is a two-axis actuator  sjant range (mid swath) 400 km
for the OSS to mechanically adjust the outboard antennas of Lo o 0. (nominal) 6096 m
both radar systems. The milkstool provided ug# pitch and — . -
+2.8° yaw steering capability, and was steered by the shuttle ~ 22sctine tilt angle (nominal) 5
crew using AODA onboard alignment solutions. Inboard antenna length 12m
The C-RADAR BAT is an electronic assembly to steer the  Outboard antenna length 6m
azimuth outboard antenna beam. It enabled a real-time moni-  Inboard antenna beamwidth in azimuth 0.14°
toring of the along-track antenna electrical alignment for each Outboard anmtenna beamwidth in azimuth 028
C-RADAR subswath and could automatically compensate for :
up to +0.3° dynamic misalignment. X-SAR was designed to Inboard antenna beamwidth in elevation 55°
use the C-RADAR BAT signals as input for its semi-automatic Outboard antenna beamwidth in elevation 55°

X-SAR BAT system. However, as it turned out during the mis-
sion, use of the BAT system was not required due to only small

dynamic bea”.‘ misalignmept gffects. N . respectively. Its tri-drive tilt mechanism pointed the antenna
For measuring and monitoring the in-flight mechanical ans elevation to —7° relative to the C-RADAR midswath

tenna alignment by the AODA system and for determination his placed the X-SAR swath between the third and fourth
the required milkstool rotations, two coordinate systems WEEERADAR ScanSAR subswath. The X-SAR elevation angle
introduced: the inboard coordinate system (ICS), and the Oﬁhge is between-4.5 and —9.5, which is equivalent to
board coordinate system (OCS). The origin of the ICS is refe(g— look angle range between 49,.51nd 545 Unlike the

enced to the AODA sensor plate that is located on the C-RADAR RADAR inboard antenna. the X-SAR primary antenna had
inboard antenna. The origin of the OCS is located on the fl azimuth beam steering capability. In contrast, the 6-m long

h?nge Qf th_e OSS. Details of these coordinate systems are =SAR outboard antenna with an azimuth beamwidth of ©.28
picted in Fig. 1. Note that the ICS and OGSaxes are normal rovided an electronic beam steering capability in azimuth

to the radiating surface of the inboard antenna and outbo £0.9° with an approximate step size of 0.02%However,

antenna, respeciively. In the fo_llowmg secnon_s, the COord'na§f?nu|r:1tions indicated that the electronic beam steering should
axes of ICS and OCS are considered to be unit vectors. o jimjited to within+0.5, since otherwise the resulting out-
board antenna pattern would become increasingly distorted.
A. X-SAR Antenna System X-SAR key system parameters are summarized in Table I. A
The X-SAR inboard antenna with a length of 12 m hadetailed description of the X-SAR instrument can be found
an azimuth and elevation beamwidth of (®?14nd 5.5, elsewhere [6].
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Fig. 2. lllustration of roll, yaw, and pitch rotations of the OCS with respect to the ICS, and the resulting effects on antenna footprint overlap.

B. Concept for Antenna Beam Alignment ment. Also, a possible offset between the electrical boresights

The on-orbit antenna beam alignment was based on a conffjithe C-RADAR and X-SAR antennas had to be considered in

nation of AODA and Doppler centroid frequency, and initiall;’he alignment determination. Hence, an independent electrical
also BAT, measurements along with mechanical adjustmeR&2™ alignment estimation and verification was required that
and electronic antenna beam steering for correction of misaligipnsidered the specifics of the respective radar systems.

ment. The basic concept was that after mast deployment, the

AODA system provides estimates of the initial antenna mechan- Il. MISALIGNMENT EFFECTS

ical misalignmentinroll, pitch, and yaw. For the X-SAR system, As a result of the static antenna beam pointing offset and dy-
a roll misalignment could be compensated by a mechanical ¢gmic mast twisting in pitch, and bending effects in yaw and
tation in elevation of the inboard antenna. The AODA pitch ang)|, the OCS is rotated relatively to the ICS. Fig. 2 illustrates
yaw estimates would provide solutions for a “coarse” milkstoghe resulting reduction in the overlap between inboard and out-
adjustment. This minimizes the quasistatic pointing bias in agpard antenna footprints in along-track and cross-track direc-
imuth to a level where the inboard _ar_1d outboard _antenna beatriBﬁs, respectively. For the X-SAR system, the alignment is rel-
of each radar system overlap sufficiently, enabling a measutgy,e|y insensitive to small changes in the roll angle of the out-
ment of the antenna electrical boresight alignment by meags, 4 antenna due to the large antenna beamwidth in elevation.

of a Doppler frequency analysis of down linked two-chann@l,s, a5 ysual for spaceborne SAR interferometers, we assume

C-RADAR and X-SAR data. Note that in contrast to the Iim|'oarallel beam paths since the slant range is significantly larger

ited radar data downlink capability, the AODA system prOVideﬁman the baseline. Hence, a possible reduction in the cross-track

CH%ntlgu;utshrgse:?;r:igt;g;ttr;e rzre;zanggle%n:s%r;abagggglgﬂ enna footprint overlap due to baseline is negligible. Since
WEVer, u W xP : i alignment sensitivity in azimuth is an order of magnitude

respect to the electrical bores!ght allgnment due to sy;tem IGher than in range, we concentrate in the following on the
instrument errors and mechanical location errors resulting fro . : : . .
o : : -antenna beam alignment in azimuth. Here, we briefly review
pre-launch surveying inaccuracies and launch-induced shﬁ%. o . :
& effects of beam misalignment on the interferometric phase
Therefore, Doppler frequency measurements are used to den%riée Specifically, we consider the SNR, the relative shift of
mine the mechanical/electrical bias in the AODA pitch and yal I '? Y, band d1th AASR’ In Section IV. th
estimates. Then, the calibrated AODA estimates provide the ?Cfgppt er refqut(;nqg_ anas, gn ith € tt' ?h ec 'O'j]f. » nese
lution for a “fine” adjustment of the milkstool. The alignmente eclsare hur er |s;:]u§se WII' respec fo h e;pSeXIRIC require-
is verified by additional Doppler frequency measurements. ents on t € azqnut' eam a |g'nment of the X- anteqna
pystem. The implication of misalignment-induced phase noise

possible residual error in the azimuth beam alignment could . ¢
compensated by electronic antenna beam steering. on the height accuracy can be assessed by evaluating the fol-

It should be noted that a milkstool rotation steered simdPWing expression [7]:
taneously both C-RADAR and X-SAR outboard antennas in ARsin @
the same direction and by the same amount. Therefore, esti- Oh = m T 1)
mation of the appropriate adjustments required consideration of
the Doppler frequency analysis results from both radar systemdere
However, the two radar instruments provided separate electronid?  slant range;
beam steering capabilities to compensate for residual misalign#8 baseline;
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not exceed the processed azimuth bandwi8BW), which is
the theoretical upper limit (i.e., for X-SARPBW = 1180
Hz). However, the nonoverlapping parts of the Doppler spectra
increase the phase noise in the interferogram, and hence the
height error. For example, &\ fpc| = 100 Hz would lead
to a decorrelation ofA fpe|/PBW = 0.085 [9]. Using the
relation between phase noise and interferometric correlation
[7], [9], for a one-look X-SAR interferogram, this is equivalent
to a phase standard deviation of abeyt = 18° causing a
sl . . height error of about;, = 8.1 m. To suppress this height error
0.0 0.1 0.2 0.3 contribution, it is common practice to reduce the phase noise
mechanical azimuth angle [deg] by an azimuth bandpass filtering [10] or by processing both
Fig. 3. Effective antenna gain loss in the secondary channel due to azimcthannels with th(? mean of the tvyo Doppler centroid frequen-
misalignment. e, However, this improvement is at the expense of a reduced
spatial resolution due to the reduction in the interferogram
55 ' ' azimuth bandwidth. Considering the specified interferometric
2/ . four-look (in azimuth) spatial resolution of 30 m for the X-SAR
digital elevation model (DEM) [11], the requirement on the
maximum allowable relative shift in Doppler frequency bands
was that|A f32*| = PBW/4 = 300 Hz.

effective gain loss [dB]

L

o
A

look angle [deg]

o om

N w
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_
’ \ 3 C. Azimuth Ambiguity-to-Signal Ratio (AASR)
0 3
SR \ The antenna beam misalignment also causes an increase in

5 = p— the AASR. Azimuth ambiguities arise from aliasing effects due

E to the finite sampling of the azimuth frequency spectrum at the

49 L ‘ E pulse repetition frequency (PRF) [12]. In accordance with the
-2 -1 1 2

results from coherent error statistics [13], for an AASR of less
than—10 dB the resulting phase standard deviation can be ap-

Fig. 4. Contour plot of the effective gain change in the secondary chanf@ioXimately calculated [14] as
across the X-SAR swath due to roll misalignment.
arctan(RASR)

O )

0
roll misalignment [deg]

6 look angle;

¢ interferometric phase;

¢ baseline tilt angle;

A wavelength. _ - RASR= — 1
Equation (1) is modified for a SAR interferometer configuration
with one transmit/receive antenna and one receive-only antenna. ; o ]
Using X-SAR parameters (see Table I), a phase standard deWhere AASR" and AASR™ are the inboard and outboard
tion of o, = 1° causes a height standard deviatioarpf= 0.45 AASR's, respectively.

m.

whereRASR is given to

1
AASR! + AASRY

I1l. GEOMETRICAL CONSIDERATIONS

A. Signal-to-Noise Ratio (SNR) In this section, we expand the known relation between SAR

The reduced overlap of antenna footprints causes a gain lasgenna attitude variations (primarily spacecraft attitude) and a
in the secondary channel, decreasing the SNR in this chanmbppler centroid frequency shift that was previously derived
and hence the inferred signal correlation [8]. Fig. 3 shows tigr a single antenna SAR system only [15], [16], for a SAR
effective gain loss in the secondary X-SAR channel due to daterferometer configuration with one transmit/receive and one
imuth misalignment. For comparison, the contour plot in Fig. deceive-only antenna. This relates the pitch and yaw displace-
shows the effective gain change due to roll misalignment acraagnts of the outboard antenna to the relative shift of the in-
the X-SAR swath. Whereas an azimuth misalignment leadstioard and outboard Doppler frequency bands. Based on this re-
an overall gain reduction, roll misalignment is less critical as f&tion, the mechanical/electrical bias in the AODA alignment
only reduces the gain in near or far ranges. estimates is determined from Doppler frequency measurements,
and hence the “fine” adjustment rotations of the milkstool for
correction of the static antenna beam pointing offset. Also, we

The relative pitch and yaw displacements between inboagdtablish the relationship between the squint angle difference
and outboard antennae cause a relative shift of the corfee., betweeninboard and outboard electrical boresight) and the
sponding Doppler frequency bands Byfp, decreasing the resulting difference in the antenna azimuth angle. This angle is
inferred signal correlation [9]. Thus, a key requirement farsed for electronic beam steering of the X-SAR outboard an-
achieving signal correlation in azimuth is thia fp| must tenna to compensate for residual misalignment.

B. Relative Shift of Doppler Frequency Bands
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Fig. 5. lllustration of pitch and yaw mast rotation effects on the X-SAR antenna beam geometry. The hatched area represents the boresighaeéevbtien pl
outboard antenna transformed to the ICS s andZ 5., , are the antenna normal vectors in the IGS..s and? ., , are arbitrary pointing vectors in the ICS.

The requirement for an antenna beam alignment is that tteevard nadir# is the shuttle’s velocity in WGS-84 coordinates
normal vector of the outboard antenﬁ@cs coincides with with | = 7.5 km s71, and\\ is the wavelength.
the normal vector of the inboard antenfia- s (see Figs.2and In the case of a misalignment between the electrical bore-
5). Assuming that the antenna beams are aligned in elevatisight of the inboard and outboard antenna, causing a squint angle
azimuth alignment is sufficient when the actual Doppler plardifferenceAé, the Doppler centroid frequency of the outboard
(i.e., electrical boresight) of the outboard antenna coincides withannel can be written as
the actual Doppler plane of the inboard antenna. In other words,
fthe beams are completely_aligned when the differen_ce be_tween o 2 Rocs(Pa) 2
inboard and outboard squint anglé$,ands®, respectively, is DC=YT3 . X
As = 67 — 69 = 0. The squint angle is the angle between the ‘ROCS(Q%I)‘
zero-Doppler plane and the antenna electrical boresight, respec-
tive for the inboard and outboard antenna. For SRTM/X-SAR,
§T andé® are defined as positive in the direction of the velocity
vector, which means toward the aft end of the shuttle since it is
flying tail forward during mapping operations. = f,I)c + §|17| cos 61 sin AS (4)

|| sin 6©

= §|17| sin(6” + A6)

2
= X|17| (sin 6 cos A8 + cos &’ sin Ab)

A. Determination of Pitch and Yaw Rotations
with cos Aé§ = 1, for a small squint angle difference. Here,

%‘Ocs(ﬁez) is an arbitrary pointing vector of the outboard an-
tenna at an elevation angle; within the swath given in OCS
coordinates. Then, the difference between inboard and outboard
Doppler frequencies is related to the difference in the corre-
sponding squint angles as

The Doppler centroid frequency of the inboard channel ¢
be expressed [15] as

2 5§rcs(ﬁel) _2

- = || sin &7 3)
A ‘Rlcs(ﬁel)‘ A

T
fDC:

2
_ gl O _ Ao I
whereR;cs(9.;) is an arbitrary pointing vector of the inboard Afpe = Ipc = Jne =3 [#] cos & sin A ©)

antenna at an elevation anglg within the swath given in ICS

coordinates. The elevation anglg; is the angle between theFor a sufficient zero-Doppler steering of the shuttle, the squint
mechanical boresight of C-RADAR and the electrical boresighhgle of the inboard antenna is so small thats? ~ 1. Oth-
along the narrow axis of the antennf, is defined as positive erwise, the inboard squint angle can be expressed from (3) as
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cos 67 = /1 — (A\fL./2]#))2, and would then need to be con-X -component fronfi;c.s /|| Rrcs||. The resulting squint angle
sidered in (5). Note that during SRTM/X-SAR mapping opdifference is then given as
erations, the shuttle’s attitude was kept within a narrow zero-
Doppler deadband, which was nomina0.1°, and then re- SinAb = Op cos Ve — Oy sinde (8)
laxed to+0.2 during the mission.

We now express the squint angle difference as a functlon"éﬂhereA‘s is measured at a giveh; betweenfi;cs(?.) and
pitch and yaw outboard antenna displacements. The pitch didros (V) (see Fig. 5).
yaw anglesfp and 6y, respectively, describe the rotation of
the outboard antenna relative to the inboard antenna about%n Determination of Antenna Azimuth Angle
ICS Y-axis and the ICZ-axis, respectively (see Figs. 2 and We now relate the squint angle differené to the difference
5). Both are defined as positive when the outboard antenndP®ween inboard and outboard antenna azimuth andgle..
pointed more toward the shuttle tail than the inboard antenrid1e azimuth anglé,. is the angle between the mechanical and
Referring to Fig. 5, in each coordinate system we consider&gctrical boresight in the azimuth antenna plane, and describes
the same elevation angle (i.e., assuming alignment in elevatidhg actual antenna beam steering direction. It is defined as pos-

an arbitrary pointing vector, which is defined as itive pointing toward the shuttle nose. In the X-SAR case Only
the outboard antenna can be steered in azimuth either by a me-
RICS( 1) ={0, Rycssinde, Rics cosde} chanical milkstool rotation in pitch and yaw or by an equiva-

lent electronic beam steering. Hencefoutf,,. represents the
R _ change in the beam steering direction of the X-SAR outboard
Rocs(Pa) ={0, Rocssinda, Rocs cosder} antenna relative to the X-SAR inboard antenna beam. As illus-

trated in Fig. 5A8,. can be expressed as
respectively, whereR;-s and Rocs are the corresponding

and

slant range distances. Note that for simplicity, we assume sin Af,. = cos(r/2 )= EZI

exact zero-Doppler conditions for the inboard channel, @ @ T g Tees

plying thaté? = 0, and hence th&-component off;cs in 7RI

the ICS is zero. Furthermore, we assume that the electrical :# 9)
boresight of the outboard antenna is aligned with #hexis 7 inchsL

of the OCS. That means th&-component ofRocs in the

OCS is also zero. To account for the pitch and yaw YOtWhereR(’)CS is the projection OR Ies OntOZOCS,WhICh is
tions, Rocs is transformed from the OCS to the ICS, i.e.7 . transformed to the ICS\d,. lies in the plane defined by
Rbes(Wa) = Trly Rocs(er), with the normal vectors of the inboard and outboard antedpas
andZ /s, respectively, and the ICS origin. Furthermore, from

—

Rbes(er) Fig. 5, we can express the squint angle difference as
cosfp 0 sinfp costly —sinfly O
_ : 7-RL
= 0 1 0 sin Oy cosfy O SinAS = cos(m/2 — AS) = ocC
—sinflp 0 cosfp 0 0 1 |7 iR{) i
0 - (EéCSL +N§}CS)
ROCS sinz?el = ) i =7 i for e R (10)
i |Eoes
ROCS COS 1961
—sinde; sin By cosp +sinbp cos Ve wherey is theY -component ofR L.
= Rocs sin ¥, cos Oy (6) Taking into account that the vectoﬁ'sandY;cs are orthog-
. . . onal and thatos ® = |R L. |/|R 5|, andinserting (9) into
sin.;sin by sinfp + cos9.; cosbp (10) yields <
whereTp and7y denote the rotation matrices in pitch and yaw, =7
respectively. Assuming very small rotation angles, ies f; ~ CnAS = v-Rocs, cos® = sin Ad,, cos P. (11)
1,sin6; = §;, andé;f; ~ 0 for ¢, j € {P, Y}, then the out- |7] iE(I) -

board pointing vector can be approximated in ICS coordinates

as Substituting (8) into (11), and also assuming tia ¥.; for

Op cos oy — Oy sind. small8p andéfy, yields

—

Ries(ea) = Rocs sin Je; - () sin Af,, cos¥e; = sin A6 = Op cos ¥y — Oy sinde;  (12)
cosVeq
which can be approximated for smalb,,. as
Equation (7) shows that the transformed and normalized
outboard pointing vectoR L .o/||BL.|| differs only in the Ab,. = 0p — By tand. (13)
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- outboard pattern graph is referred to as “relaxing” curve.
10+ =

-~ effective pattern

in antenna azimuth angle and the resulting effective beam mis-
alignment. By calculating the effective outboard pattern for dif-
ferent azimuth steering angles we derived the relation between

two-way gain [dB]
R .
o
T

30} i the mechanical antenna azimuth angle and its effective “elec-

v L trical” measurement. The resulting net effect on the difference in

20 [\ | b G MR /\ .E Doppler centroids was calculated using (5) and (13). The char-
06 0.4 0.2 0.0 0.2 0.4 0.6 acteristic curve of this relation is plotted in Fig. 7. The relation-
azimuth angle [deg] ship can be approximated by a straight line with a gradient of

(b) aboutr; = 0.24 for the expected outboard antenna displace-

Fig. 6. (a) X-SAR inboard and outboard antenna pattern, and the resultmbent range oﬂ:O.I_%O. HenC(_a, the faCto’ff needs to be mcorpo-_
two-way effective pattern of the outboard antenna for an exact azimuth be&ated in (5) to derive the pitch and yaw angles for a mechanical
alignment. (b) X-SAR inboard and outboard antenna pattern, and the resultigftation of the outboard antenna from Doppler centroid mea-

two-way effective pattern of the outboard antenna for an azimuth be T
misalignment of 0.2. %lrements, yielding

Evaluating (13), we can see that the relative change in antenna A fpc = fho — f9- = 2 |U]r ; cos 67 sin AS

azimuth angle is dominated by the pitch-induced rotation. For 9 A

example, for the C-RADAR midswath, whe#ig; = 0°, it fol- = X|z7|rf cos 81 (0p cos ¥ — By sinvey).  (14)
lows thatAéd,. = 6p.

Similarly, for an electronic beam steering of the outboard an-
tenna, estimation of the corresponding relative azimuth angle
Accurate estimation of the mechanical milkstool adjustmendsf... from Doppler centroid measurements also requires con-
and the equivalent azimuth beam steering angle from Dopp#éderation of the factor.
centroid frequency measurements requires consideration of thdhe effective diagram of the X-SAR outboard antenna has
two different radiation patterns of the inboard and outboard atwo different effects on the interferometric system performance,
tenna. The outboard antenna is receive-only, and as a resulgitsl hence on the azimuth antenna beam alignment requirement:
effective pattern is the superposition of the one-way diagrams ofFirst, from (14) we can see that for a given pitch and yaw
both inboard and outboard antenna. Thereby, the effective odisplacement of the outboard antenna, because of the factor
board pattern in azimuth is governed by the narrow beamwidth = 0.24 the resulting relative shift in Doppler frequency
of the X-SAR inboard antenna. Fig. 6(a) shows the modelédnds is significantly reduced. As a consequence, the X-SAR
X-SAR two-way inboard and outboard antenna pattern, as wegiquirement on the antenna azimuth beam alignment can be re-
as the effective pattern of the outboard antenna for an exact Eed. Therefore;; is called “relaxing” factor. This means, con-
imuth antenna beam alignment. In the case of a beam misaligigering the requirement on the maximum allowable reduction
ment, as shown in Fig. 6(b), this superposition has the efféptthe interferogram azimuth bandwidth |a f52*| = 300 Hz
that a change in the azimuth angle of the outboard antenna, f@discussed in Section Il), that the corresponding limit for the
example ofAd,. = 0.2, transforms to an “electrically” mea- maximum difference in antenna azimuth angle can be raised

max

surable mainlobe peak displacement of the effective patternfadm |A§™2*| = 0.036 to |Ab,-~ /| = 0.15.
only Agec = 0.044. Since the measurement of the outboard The effect of a reduced relative shift in Doppler frequency
Doppler centroid is related to the effective antenna pattern Wwands is typical for a single-pass SAR interferometer with

need to distinguish between a mechanical or “steered” charaee transmit/receive antenna and one receive-only antenna,

IV. EFFECTS OFAZIMUTH ANTENNA PATTERN
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|Agmax limit| — 0 1° which causes a height error of 3.7 m.
Note that a possible reduction of the phase noise in the interfero-
gram by coherent “multilook” averaging is not considered here.
Referring to Fig. 3, for this limit the resulting effective gain loss
is —1.3 dB, causing a negligible signal decorrelation. Further,
this maximum difference in azimuth angle is equivalent to a
relative Doppler frequency band shift of abd /| = 200

Hz. During the mission, the corresponding Doppler centroids
were estimated with the sign Doppler estimator (SDE) [20].
The standard deviation of these estimates is about 1 Hz for

height error / azimuth ambiguities [m]

.0.20 _0,'10 0.00 010 0.20 the inboard channel, and about 5 Hz for the outboard channel,
mechanical azimuth angle [deg] considering the above specified misalignment limit [21].

Fig. 8. Expected height error resulting from azimuth ambiguities for the
effective X-SAR outboard antenna diagram as a function of the mechanical V. MISSION

azimuth angle.
g A. Measurement Concept

wherebyr; depends on the beamwidth of both antennas. How-Deérivation of the milkstool “fine” adjustment solutions

ever, even for a bistatic configuration with antennas of identicigquired the determination of the mechanical/electrical bias in
beamwidth, the “relaxing” factor would still be; = 0.5. In AODA pitch and yaw estimates from measurements of the elec-
contrast, for a monostatic SAR interferometer configuratidiical boresight alignment between the inboard and outboard
that uses the same antenna for transmit and receive, such &gnna. Thus, the respective Doppler centroid frequencies

the repeat-pass mode and the dual baseline “ping-pong” made: fbc Were estimated across the swath to provide the
[17], it follows thatr; = 1. squint angle difference as a function#f; according to (14).

In this context, it is interesting to note that in the case gihereby,Aé,, denotes the estimated squint angle difference for

a large inboard Doppler centroid caused by uncompensatBg”th range binwithn =1, ..., N, wheren = 1 represents
shuttle attitude variations, the outboard Doppler centroid {8€ near range and = N represents the far range. Using (8)
shifted accordingly due to the rigid connection between tith the approximatiom\é = sin Aé, the parametric model for
antennas. This along with an outboard antenna azimuth bel least square estimation (LSE) problem is given as
misalignment could cause the two Doppler centroid frequencies

to be within different PRF bands. However, as discussed abo¥s$,, = 6p cos Beg(n)—Oy sin¥ey(n)+e, forn=1,..., N
this additional shift of the outboard Doppler frequency band

is minimized by the “relaxing” factor. Thus, for a sufficientwheregn stands for the superimposed noise due to measure-
zero-Doppler steering of the shuttle, the probability of havingient errors. Minimizing the squared engr= ||g||2 = (A —
the inboard and outboard Doppler centroids in different PRj:e)T(A(S — T6) = min, with B T

bands is significantly reduced. Otherwise, use of a Doppler
ambiguity resolving algorithm [18], [19] is required, which,

however, was restricted by performance requirements for the cosde(l)  sinda(1)
near real-time data analysis and the limited availability of T = ;
two-channel radar data during the mission. o )

Second, depending on the difference in antenna azimuth :COSQ%I(N) sin et (V)
angle, an increase in azimuth ambiguities is observed. This Aby
effect can be seen in Fig. 6(b). There is still a large overlap AS = and 6= [91’}
between the mainlobes of the inboard and the effective out- T ’ - v
board antenna pattern, but the resulting high AASR for the | Adn

effective pattern causes an increase in the interferogram phase

noise, and hence an additional height error contribution. ¥eld the solution for the pitch and yaw estimates
Fig. 8, the expected height error due to azimuth ambiguitiesés: (ITI)—lT_A(S.

plotted as a function of the mechanical antenna azimuth angleThe actual determination of the electrical boresight alignment
based on (1) and (2). For the example discussed above withs based on a joint analysis of C-RADAR and X-SAR Doppler
Af,. = 0.2, the AASR is about-7 dB, which corresponds centroid estimates to use their different measurement sensitivi-
to a height error of 10.3 m. Also, from this plot we can seges to provide an optimal alignment solution for both radar sys-
that at the “relaxed” limit for the difference in antenna azimuttems. The large C-RADAR swath width (i.e., about five times as
angle of|Ad,>" /| = 0.1%, the additional height error is large as the X-SAR swath) enabled a more accurate estimation
5.8 m. However, this value exceeds the limit«gf>* = 4 m of the yaw angle due t- sin9.; than was possible for X-SAR.
that was specified for the maximum misalignment-inducadowever, according to (14), X-SAR provided about twice the
height error in the overall X-SAR error budget. Consequentlgensitivity for the squint angle estimation from Doppler mea-
the above-discussed “relaxed” requirement on the maximwurements than could be obtained with C-RADAR due to the dif-
allowable difference in antenna azimuth angle was tightenedfemence in wavelength (i.e., assuming similar errors in Doppler
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s

estimation). Consequently, determination of the electrical bore , = 0.1, 6, = 0.121°

sight alignment in pitch and yaw was performed in three steps:
Step 1) C-RADAR estimateéh across its four subswaths;

Beam alignment

Step2) X-SAR providedAdy_sir(@e = —7°) (at o S
X-SAR midswath), considering the derived “re-
laxing” factor in (14); X c c’
Step 3) Both estimates were then used to calcélataking e
into consideration (8) ant¥.; = —7°) v
» Abx_sar(Wa=-T7°) xo x!
= 9 t( 196 :—70 . ,X
r cos(Pe;=—17°) + Oy tan(da )
These measurements enabled determination of the mecha
ical/electrical bias in AODA pitch and yaw alignment estimates, Milkstool “fine’ O
6A9PA andh2@ P4, respectively, as follows: adjustments

c.c
075 = 0594 —0p and 67 = 6377 — by

This mechanical/electrical bias was then uploaded to the on
board AODA alignment estimation software to provide the crew
with the “electrically” calibrated AODA alignment measure-

. O . Af, =011
ments for milkstool “fine” adjustment. Alternatively, for the cor- xr x©
rection of the residual misalignment by electronic antenna bear
steering, the required azimuth angle can be calculated in (13
using either the pitch and yaw solutions as derived from Dopple!

centroid measurements or the calibrated AODA estimates.  Electronic beam steering of
the X-SAR outboard antenna

B. Mission Results AG. = 0.085" ()
After mast deployment and “coarse” milkstool adjustment 4___

based on the initial AODA observations, C-RADAR Doppler shuttle nose FocNel

frequency measurements indicated a mechanical/electrical bie

in pitch and yaw of%** = 0.1° and#%** = 0.12F, respec- O

tively. In contrast, the results of the X-SAR Doppler frequency

analysis showed only a negligible squint angle difference. Be- | X, x!
cause of delays in the downlink of the high rate X-SAR dafgg. 9. lllustration of the steps during the initial phase of the antenna beam
during the alignment analysis phase, the initial estimation gfgnment in azimuth.
the mechanical/electrical bias was based entirely on C-RADAR
measurements. The following pitch and yaw “fine” adjustments ~ -35f
of the milkstool steered both outboard antennae more into flight
direction (i.e., shuttle tail). Whereas the C-RADAR beams were
then aligned, the X-SAR beams became misaligned because 0'S -45F-
the milkstool adjustments. As a consequence, X-SAR compen- E
sated for the resulting misalignment by electronic azimuth beam
steering of its outboard antenna ,. = 0.085 (nearest
beam steering step) in direction to the shuttle’s nose (i.e., op-
posite to the direction of the prior milkstool rotation). Fig. 9 P
illustrates the steps conducted during the initial phase of the an- 5
tenna beam alignment. Ground receiver measurements of the '6_51'0 o5 o0
C-RADAR and X-SAR inboard antenna beams, taken at DLR’s ' " relative time of receipt [s]
calibration test site (see Fig. 10), indicated that the discrepangy 10. Ground receiver measurements of the C-RADAR and X-SAR inboard
in the alignment results between the two radar systems coaftenna beams. The gaps in the C-RADAR curve are due to the ScanSAR burst
be attributed to an offset between the C-RADAR and X-SARCde-
inboard antenna beams. As shown in Fig. 10, the peak of the
X-SAR beam is delayed by 0.1 s with respect to the peak of tleSAR data was available, covering usually a time frame of
C-RADAR beam. This is equivalent to a difference in azimuth—2 min of the mission elapse time (MET). To allow tracking
angle between the two inboard beams of about.0.1 of the inboard and outboard Doppler centroids along azimuth,
The electrical beam alignment was analyzed and verifidklese estimates were updated every second. The variation of
throughout the mission whenever down linked two-channte Doppler centroids across the swath was determined by

-40f - i
C-HH, subswath #4 /

m]

-50F

551

received power

[\ ‘ 5 |
/\ . -
0.5

1.0
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Start MET: 09/00:21:29 MET [h]
@ Fig. 12. Plot of the X-SAR mechanical azimuth angle difference including its
0.06 T T T error bar as estimated throughout the mission versus MET.
0.04f
) ; T pitch while the yaw angle slightly oscillates, possibly caused by
e A yaw mast bending. Based on alignment results obtained during the
g’ 0.003 mission from the analysis of down linked two-channel X-SAR
H r data, we show in Fig. 12 a plot of the mechanical antenna
% -0.02f azimuth angle including its error bar, covering the complete
=1 ; data acquisition time frame of the mission’s mapping phase.
-0.041 Unexpectedly, the mechanical azimuth angle of the X-SAR
0.06f , ) , outboard antenna remained relatively stable Wittd,.| <
0 50 100 150 0.05°. This is significantly below the specified requirement
Rl s of |Agmax-limit] — 0 1°. As a result, the X-SAR electronic
azimuth beam steering offset was kept constant throughout the
mission after the initial antenna beam alignment.
0.061 . - .
0.04} VI. CONCLUSIONS
> i In this paper, we considered the on-orbit interferometric
= 0'02: X-SAR antenna beam alignment during the SRTM/X-SAR
£ ooof /\I\/WW\/\WWWW\ANW\IW mission. Antenna beam alignment is essential for achieving best
g [ interferometric performance, including spatial resolution and
E -0.02p height accuracy. We discussed the effects of beam misalignment
® C on the interferometric phase noise, considering specifically the
0.04r SNR, the relative shift of the Doppler frequency bands, and the
-0.06t . X ) AASR. We showed that in elevation the effective antenna gain
0 50 VET [13?0 150 loss due to roll misalignment is negligible. Since the alignment

Start MET: 09/00:21:29

(b)

sensitivity in azimuth is an order of magnitude higher than in
range, we concentrated therefore on the azimuth beam align-
ment. For a cross-track SAR interferometer configuration with

Fig. 11. (a) Doppler centroid frequencies of the inboard and outboaff1€ transmit/receive antenna and one receive-only antenna we
channel for an ocean datatake. (b) Alignment analysis results: pitch and yagtablished the relation between pitch and yaw displacements of
displacements of the outboard antenna (top), and the resulting mechanig@d qutboard antenna beam and the relative shift of the inboard
azimuth angle (bottom). .
and outboard Doppler frequency bands. The corresponding
Doppler measurements were used to determine the mechan-
analyzing eleven independent segments, each averaged dsedfelectrical bias in the AODA alignment estimates. They also
302 range bins [21]. In Fig. 11(a), for an ocean datatake, theovided the solutions for mechanical milkstool adjustments
X-SAR inboard and outboard Doppler centroid frequencies aaed electronic beam steering of the outboard antenna to correct
plotted versus MET. For this representative example, the mefan azimuth beam misalignment. The analysis of the effects of
offset between the two curves is only about 6 Hz, causingtlze effective X-SAR outboard antenna pattern revealed that for
negligible reduction in the interferogram azimuth bandwidttan accurate alignment determination we need to distinguish
and hence spatial resolution. Fig. 11(b) shows the derived pitobtween a mechanical or “steered” change in antenna azimuth
and yaw displacements of the outboard antenna (top), and #mgle and the effective, electrical beam misalignment. The
resulting mechanical antenna azimuth angle (bottom), respeofresponding relationship is linear for the expected outboard
tively. It can be seen that the pitch angle was relatively constarttenna displacement range, and a so-called “relaxing” factor
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was determined. As a result, on one hand, the limit for the dif{10]
ference in antenna azimuth angle could be increased by a factor
of 1/ry = 4.17, considering the maximum allowable relative ;1
shift of the Doppler frequency bands. On the other hand, we
showed that in the case of an azimuth beam misalignment the
resulting high AASR for the effective antenna pattern causeg
an additional height error. Hence, the “relaxed” limit for the
relative antenna azimuth angle had to be reduced to minimize
this height error contribution. The alignment results obtaine&lg]
throughout the mission from calibrated AODA and Doppler[14]
centroid frequency measurements showed that the maximum
difference between the X-SAR inboard and outboard antenn%sl
azimuth angles was below the specified limit by a factor of two.
This can be attributed to lower than expected dynamic magt®l
twisting and bending motions. [17
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